Abstract Substituted barium hexaferrite nanoparticles with nominal composition of BaCo 1 . 0 Ti 1 . 0 Fe 1 0 O 1 9 and BaMn 0.8 Ti 0.8 Fe 10.4 O 19 were synthesized by high energy ball milling (HEBM). The effects of Co-Ti and Mn-Ti substitution on their microstructure, electromagnetic properties, and microwave absorptive behavior were analyzed. The samples were structurally characterized by X-ray diffractometry (XRD), field emission scanning electron microscopy (FESEM), and energydispersive X-ray analysis (EDX). The M-H loops of the composites were determined with a vibrating sample magnetometer (VSM), and the interaction with the microwave radiation in the range of 8-18 GHz of the nanocomposites dispersed in epoxy resin was measured with a vector network analyzer (VNA). This study suggests that by controlling the grain size and different elements of substitution would give a decrease in coercivity and enhanced values of complex permittivity in order to improve microwave absorption. The dielectric constant and loss were enhanced in comparison to the permeability constant and loss over the entire frequency range. Finally, microwave measurement showed that the substituted barium hexaferrite sample with Co-Ti and Mn-Ti could be used as an efficient microwave absorption material with an appropriate absorption at −31.27 and −26.73 dB, respectively. The predicted absorption and reflection loss demonstrates that Co-Ti and Mn-Ti substitution gives low reflectivity at microwave frequency and is a good candidate for electromagnetic materials for radar wave applications.
Introduction
Microwave absorbers consist of magnetic and/or dielectric fillers which interact with the incident electromagnetic wave at some specific frequency of the electromagnetic wave, at which ferromagnetic resonance occurs, resulting in maximum energy absorption from the incident wave. The development of microwave-absorbing composite materials has gained great interest in the last decades, not only for the problems caused by electromagnetic interference over wireless communications but also for their use as essential components of stealth defense systems for military purposes [1] . Ferrite materials, both spinels and hexaferrites, are suitable as magnetic fillers. However, the spinel ferrites are only limited to 3 GHz frequency range, but the hexaferrites are applicable in the whole GHz region. Hexaferrites are ideal magnetic fillers for microwave absorbers with their appropriate permeability values, high magnetization, and planar anisotropic behavior in microwave frequencies [2, 3] . It has been known that the microwave absorption performance could be improvised by choosing suitable cations to substitute the Fe 3+ in barium hexaferrite (BHF). Also, by substituting Fe 3+ ions by other magnetic and non-magnetic ions, it is possible to shift f r to low frequencies. The electric and magnetic energy storage capabilities of a material are presented by real parts of complex permittivity (ε′) and permeability (μ′), and the imaginary parts (ε″, μ″) represent the loss of electric and magnetic energy. Two fundamental conditions must be satisfied for a good reflecting absorber material: the first is that the incident wave could enter the absorber to the maximum extent, and the second is that the electromagnetic wave entering into the materials could be completely attenuated [4, 5] . The electromagnetic properties and microwave-absorbing characteristics are studied and investigated in the individual substitution of Fe 3+ in barium hexaferrite by the specific ratio of Co 2+ , Mn 2+ , and Ti 4+ elements. Phase analysis, microstructure, and magnetic and microwave properties of the samples were observed.
Materials and method Preparation of CoTiBHF and MnTBHF powders
The M-type barium hexaferrite with a different composition was carried out with a non-conventional powder fabrication. For the composition of BaCo 1 99 .9% (Aldrich Chemical). The composition was later mechanically alloyed using a Spex8000D (SPEX SamplePrep) milling machine with a ball to powder ratio (BPR) of 10:1 for 6 h of milling. High-energy ball milling was carried out at room temperature in a ball mill equipped with hardened steel vials and balls. Later on, the milled powders were sintered in a box-type furnace in an ambient air environment for 1300°C at a heating rate of 4°C/min for 1 h and subsequently slowly cooled in the furnace to room temperature. Finally, the sintered powders were crushed for 24 h to obtain fine powders along with a wide distribution of particle sizes.
Physical measurements
The phase composition of hexaferrites were investigated through X-ray diffraction (XRD) using Philips Expert PW3040 diffractometer operating at 40 kV/40 mA with Cu-K α radiation (λ = 1.54060 Å) in the range of 20°-70°by a 2θ scan mode at a step size of 0.03°and a count time of 0.5 s per step. The microstructure and particle size observation of ferrites was observed by using field emission scanning electron microscopy (FEI Nova NanoSEM 230). The distribution of the particle size was obtained by taking at least 200 different particles from four images with different magnification and estimating the mean diameter of individual particles by the linear intercept method (ImageJ software). Elemental analysis was analyzed out using energy-dispersive X-ray (EDX) (Oxford Instruments). The magnetic properties of the hexaferrites were carried out using a LAKESHORE 7407 vibrating sample magnetometer (VSM) at room temperature. Grinded powders of the hexaferrites and their composites were mixed with epoxy resin (Araldite 506 epoxy resin, Sigma Aldrich) and a hardener as filler with a concentration of 70:30 by weight. Then, the mixture was dried for 48 h in metal back with rectangular-shaped sample holder of 1.0-, 2.0-, and 3.0-mm thickness. The complex permittivity and complex permeability were measured using vector network analyzer (VNA, Agilent PNA N5227) using coaxial transmission/reflection technology in the frequency range of 8-18 GHz at 2.0-mm thickness. The electromagnetic (EM) parameters (ε′, ε″, μ′, and μ″) were then estimated by a material measurement software (Agilent software module 85,071 loaded in the VNA). Referring to the transmission line theory, by using these EM parameters, the reflection loss (RL) was calculated and microwave absorbing properties were determined.
Results and discussions
X-ray diffraction patterns of the substituted samples are performed in order to identify their crystalline phase. XRD patterns were analyzed and indexed using the X'PertHighScore software. As clearly depicted in Fig. 1 , all the samples exhibit the main characteristic peaks of Mtype hexaferrite with magnetoplumbite structure and perfect concordance with the standard JCDPS (00-007-0276). The peaks of the pure barium hexaferrite sample appeared almost at the same position as those of substituted, only with different intensities. The slight shift in the position of the peaks and variation of the relative intensities might be related to the employment of the lattice sites by substituted cations with different ionic radii [6] . In the substituted ferrite cases, the dopants of Mn, Co, and Ti seem to assemble in a hexagonal structure to achieve the formation of a single hexagonal phase. According to the X-ray diffractometry detection limit, no other phases are detected in the diffraction patterns indicating that the powders are in single-phase hexagonal ferrites (space group P6 3 /mmc). High temperature of at least 1000°C is required in order to obtain the single phase. It is challenging to obtain single-phase specimens of some of these ferrites, and their particle size has the tendency to be large due to the high temperature required. The results show that the crystallinity of hexaferrite could not be formed at low sintering process because the energy imparted by the collision of the milling media to the starting powders might not be enough to increase the reactivity between the particles. Besides, without higher sintering process, it will provide insufficient energy to stimulate reaction between particles. The lattice constants (a and c) and cell volume calculated from XRD data analysis are given in Table 2 . The values of both the lattice constants increase with Co-Ti and Mn-Ti substitution into the sample, respectively (Fig. 2 ). This increase is credited to the larger ionic radii of the substituted cations Ti 4+ (0.75 Å), Mn 2+ (0.81 Å), and Co 2+ (0.79 Å) as compared to that of Fe 3+ (0.69 Å). A considerable change is observed in c parameter due to anisotropy. The c-axis is an easy axis in hexaferrites, and it is easier to orientate the spin directions along this axis in comparison to other directions. That is why a greater variation is observed in parameter Bc^as compared to parameter Ba^ [8] . Cell volume also increases Fig. 3) which is due to an increase in lattice constants (a and c) by the following formula [9] :
The lattice parameter ratio (c/a) is a useful parameter to quantify the formation of M-type structure if it is lower than 3.98 [10] . By calculating the values of the lattice parameter ratio in the prepared samples, it is found that this parameter is in the expected range which confirms the M-type hexagonal structure (Table 2) .
Figure 4a-c shows the FESEM micrographs of pure and substituted barium hexaferrites. From FESEM micrographs, the estimated average particle size for the samples with pure, substituted Co-Ti and Mn-Ti were around 182.90, 124.55, and 134.09 nm, respectively. As seen, all the powders consist of agglomerated nanoparticles of different sizes. The exact determination of the particle size in each sample is difficult due to an existing overlap between those particles. However, it could be expected that the mean particle size of the samples decreases slightly by the substitution of Co-Ti and Mn-Ti. The reduction in particle size was expected to occur due to the difference in ionic radii lead a lattice distortion which hinder the grain growth process (Table 3) .
In order to confirm the chemical composition of the pure and substituted hexaferrite nanocomposites, a quantitative elemental analysis on these samples was performed using energy-dispersive X-ray (EDX). The EDX spectrum shows clearly only barium (Ba), manganese (Mn), titanium (Ti), iron (Fe), cobalt (Co), and oxygen (O) peaks exist in FESEM view without any other impurities (Fig. 5a-c) . For better clarity, the fractions of weight percent in pure and substituted barium hexaferrites are listed in Table 4 .
The M-H magnetic hysteresis loops for pure and substituted samples are shown in Fig. 6 . Magnetism in ferrite originates from the net magnetic moment of ions with spin up and spin down in sublattice sites [11] . The saturation magnetization, M s and coercivity, H c , are plotted in Fig. 7 as a function of Co-Ti and Mn-Ti substitution. Table 5 reveals the relevant data. The pure sample saturation magnetization, M s (48.50 emu/g), is lower compared to Went et al.'s report [12] . The coercivity, H c (516.60 Gs), is higher compared to the same report, which might be due to strong uniaxial anisotropy along the c-axis of M-hexaferrite [14] . Substituted with Co-Ti and Mn-Ti, there is no considerable variation in the saturation but the coercivity values decreases. The substituted sample saturation magnetization values are almost equal and that coercivity are high compared to the same type of substitutions reported by Sözeri et al. [13] . It is well known that the coercivity of barium hexaferrite depends on many factors, such as chemical composition, grain size, degree of crystallinity, microstructure, magnetic anisotropy, etc. However, recent progress indicates that they are strongly influenced by the grain size [15, 16] , whose variation can also induce the obvious change in saturation magnetization.
Complex permittivity and permeability are the important parameters which determine the dynamical properties of materials. In general, complex permittivity
and permeability
represent the electronic and magnetic properties of a material subjected to an electromagnetic field, respectively. The real parts (ε′, μ′) symbolize the storage capability of electric and magnetic energy, while the imaginary parts (ε″, μ″) show the loss of electric and magnetic energies. These parameters collectively define the lossy characteristics of a material during the passage of electromagnetic waves [13, 17] . Figure 8 shows the graph of the complex permeability of the pure and substituted samples. The imaginary part of the permeability is slightly small, and the real part lies within the range of 1.2-1.5 over the frequency range of 8-18 GHz. The real part of the permeability were observed to be decreased with an increase of frequency, but it remains almost the same when the frequency reaches 15 GHz, which could be referred to relaxation phenomena of domain magnetization rotation or domain wall displacement occurring in the GHz region [18] . The adjustment in the magnetization is generally occurred by rotation of spins or domain wall displacement. These motions lag behind the applied magnetic field and therefore caused the increase of μ″. Additionally, the resonance-relaxation phenomena will be induced near the characteristic frequency of rotation of spin or domain wall displacement.
The frequency dependency of the real and imaginary parts (ε′ and ε″) of the complex permittivity is shown in Fig. 9 . It can be clearly seen that value of the real and imaginary parts of permittivity shows almost a constant behavior in the entire range of frequency. The dielectric properties of the hexaferrites originate from the phenomenon of polarization. There are four types of polarizations in the hexaferrites: (i) dipolar polarization, (ii) electronic polarization, (iii) ionic polarization, and (iv) interfacial polarization. At lower frequencies, all four types of polarizations contribute, whereas the contribution of interfacial and dipole polarization goes on decreasing with an increase in frequency. At microwave frequencies, there are only two polarizations: electronic and ionic remain dominant [19] . For this reason, almost constant behavior of real and imaginary permittivity is achieved in our studied range. It is also clear that the values of real and imaginary permittivity of substituted hexaferrite have increased in comparison to that of pure hexaferrite. With Co-Ti and Mn-Ti substitution, more Fe 3+ ions are converted to Fe 2+ ions in order to maintain the charge balance. This conversion affects the local displacement of electrons in the direction of field which in turn leads to an increase in polarization, hence in real and imaginary permittivity. The variation of reflection loss as a function frequency in the X (8-12 GHz) and K u (12-18 GHz) frequency bands was estimated to determine the electromagnetic wave-absorbing properties of the samples. Referring to transmission line theory, the reflection loss (RL) of electromagnetic wave, under perpendicular wave incidence in the case of metal-back single layer, is given by [20] R dB ð Þ ¼ 20log where Z 0 is the normalized impedance of free space, and Z in is the input impedance at free space and material interface [21] :
where μ r ′ and ɛ r ′ are the complex permeability and permittivity of the composite medium, respectively; c is the velocity of light in free space; f is the frequency of the microwave band; and d is the thickness of the absorber. The impedance matching condition is given by Z in = 1 to represent the perfect absorbing properties. The impedance matching condition is given by Z 0 = Z in to represent the perfect absorbing properties. The minimum absorber thickness and the frequency in the matching situation were defined as matching thickness (d m ) and the matching frequency (f m ), respectively. When the thickness of absorber is equal to one quarter of wavelength, as given by Eq. (6), the wave reflected at the air-absorber interface is out of phase with the wave reflected at absorber-metal interface:
where λ a is the wavelength distance inside the absorber, and f o the free space frequency of incident wave. The loss was calculated for different thicknesses to obtain the optimum thickness (t m ), which shows the maximum absorption. The most interesting feature in the substituted samples is that the peaks of absorption curves shift to higher frequency with decreasing sample thickness ( Table 6 ). Figure 10a shows the reflection loss of BHF at different thicknesses of 1.0, 2.0, and 3.0 mm, respectively. For d = 1.0 mm, the maximum reflection loss is approximately −2.08 dB at a frequency of 18.00 GHz with a bandwidth of 0 GHz. For d = 2.0 mm, the maximum reflection loss is approximately −11.01 dB at a frequency of 15.18 GHz with a bandwidth of 1.32 GHz. For d = 3.0 mm, the maximum reflection loss is approximately −6.69 dB at a frequency of 11.82 GHz with a bandwidth of 0 GHz (Table 6 ). Figure 10b (Table 6 ). Figure 10c shows the reflection loss of MnTBHF at different Table 6 ). The reflection loss pattern for Co-Ti substituted indicates that the maximum reflection loss with −31.27 dB is at the frequency of 15.18 GHz compared to Mn-Ti substituted with reflection loss −26.73 dB at 12.40 GHz. The only effect of this variation is that the matching frequency being shifted a little toward lower frequency and the reflection loss is decreased. The reflection loss curve of pure hexaferrite in Fig. 10a reveals the effective reflection loss was observed at the 11-13 GHz regions, which is lower than that substituted samples due to larger particle size (Table 3 ). Higher-frequency regions were observed for both Mn-Ti-and Co-Ti-substituted samples due to lower particle size obtained (Table 3) . It is also known that f r can be shifted to a lower frequency by substituting Fe 3+ with other metal ions. A good radar-absorbing material needs to have low reflection loss, wide absorption bandwidth, and low matching thickness.
Conclusion
Mn-Ti-and Co-Ti-substituted barium hexaferrite nanoparticles were successfully prepared by a high-energy ball milling method. The XRD results showed that single-phase hexagonal structures were formed for all the samples without any impurity or secondary phases supported by EDX analysis. The values of saturation magnetization and coercivity indicate that the amount of substitution had an influence in which the coercivity values were decreased due to weakened magnetocrystalline anisotropy. The microstructure examinations reveal that both the particle size and typical morphology are decreased by the amount of substitution due to the difference in ionic radii of substitution elements. The values of reflection loss which were calculated theoretically exhibit that microwave absorption performance could be enhanced by the substitution of Mn-Ti and Co-Ti compared to pure hexaferrite sample. From the reflection (RL) curves, it can be inferred that the sample with Co-Ti substitution exhibit the best absorption performance among the samples. As a result, Mn-Ti and CoTi hexaferrite samples can be proposed as a superior microwave absorber material within 8-18 GHz range with a reasonable reflection loss (RL < −10 dB).
